The ability to predict the behaviour of a gas turbine engine and optimize its performance is critical in economic, thermal and condition monitoring studies. Having identified fouling as one of the major sources of compressor and therefore gas turbine deterioration, a computer-based engine model was developed to optimize the performance of gas turbines. The paper thus presents an analysis of compressor hand cleaning, on and offline compressor washing to actualize the technique using a computer program in Visual Basic programming language with data collected over a period of fifteen weeks for 2 gas turbine plants GT1 and GT2. The results of the data collected, when collated, shows that after washing, the overall operational efficiency changed from 39.2% to 46.25%. To optimize the performance of gas turbine engines, it is therefore recommended that operators should perform a combination of compressor hand cleaning, offline and online washing simultaneously.
Introduction
Gas Turbines (GTs) have wide range of industrial applications. Proper maintenance and operating practices can significantly affect the level of performance degradation and thus time between repairs or overhauls of a GT [1] [2] [3] [4] [5] . The correct construction and operation of the components of GT plants are also necessary for proper understanding and monitoring. Furthermore, the function of a GT is the result of the fine-tuned cooperation of many different components of the plant. [6] [7] [8] [9] . The emphasis of this work is on the turbomachinery or aerodynamic components of the GT. Hence the special contribution of this work to GT operation and maintenance is that it helps to prolong the life of the turbomachinery components of the engine.
From the point of view of application, the GT's compressor is affected by the environmental conditions of the site [10] [11] [12] . With increasing operating time, degradation of the compressor manifest in the form of reduced performance. The major cause of reduction in compressor efficiency and inlet air mass flow is fouling. Others are abrasion, corrosion and erosion of the blade surfaces.
The degradations of the GT compressor has direct influence on the GT power plant efficiency, pressure ratio and power. With a view to prevent degradation, optimize performance and increase availability, GTs are equipped with sophisticated air filter systems. These air filter systems significantly reduce the amount of contaminants that GTs are subjected to but cannot filter out the contaminant completely [11] . This present work applied online water washing to optimize the performance of a GT plant on industrial duty for electricity generation in Sapele, Delta State of Nigeria. It further looked into the plus and minus of other GTs maintenance techniques.
Operation of a GT at steady outputs can lead to deposition from the combustion gas on the blades. Deposits cause output and efficiency to drop by reducing the efficiency of energy transfer and eventually restricting the flow of the combustion gases [5, 13] . There are quite a number of wear out problems associated with GT. The blades may break off or corrode, while bearings may wear out due to friction and vibration. Common faults on the rotor include rubbing, temporary unbalance, eccentricity cracking or/and misalignment [10] . The compressor may experience air leakage problems while deposits on the blades can create blade washing effects [14] . Performance analysis can be applied to both rotating and stationary parts of the GT. It is one condition monitoring technique which allows the optimum time for restorative maintenance to be calculated, where the deterioration may result in increased fuel consumption or in reduced output or both [15] [16] [17] [18] [19] [20] [21] . The types of compressor cleaning methods with their merits and demerits are detailed as follows:
Compressor Abrasive Cleaning
The application of abrasive materials for cleaning of compressors such as the injection of rive or walnutshell into the compressor for its clearing is becoming outdated [11, 22, 23] . This is because the erosion impact is more followed by the danger that these non-liquid materials are capable of clogging the passages of the seconddary air system. Furthermore, these non-liquid particles may cause damage to the compressor blade coating.
Compressor Hand Cleaning
This entails cleaning the inlet guide vanes (IGV) and the blades of the first compressor row with brushes and a detergent [24] . Although this method is effective for removing particles sticking to the blade surface, its shortcoming is that it is time consuming and requires the GTs to be shutdown. Hence this method should be supported by offline washing.
Compressor Offline Washing
In this method, the GT has to be shutdown and cooled, followed by flushing the compressor with demineralized water [24] . This approach enables compressor fouling to be removed virtually completely. With a view to avoid GTs non-availability, this method should be used during normal inspection interval.
Compressor Online Washing
This technique is normally done during GTs base-load operation with the IGVs in the fully open condition. It is achieved by installing an online washing system at the air inlet of the GTs [25, 11] . Although this method is known to diminish compressor fouling, it can not completely eliminate it.
Methodology
The test engines are GTs 1 and 2 of the same capacity (45 MW) on industrial duty for electricity generation in Sapele, Delta State of Nigeria. Both GTs were commissioned on the same day. After a period of three month GT1 and GT2 were shutdown for maintenance. The online washing method was done on weekly intervals for a period of fifteen weeks. Deminerialized water was injected through a configuration of small nozzles in the air flow before the first compressor stage. At the end of the exercise, the data gathered from both plants on daily basis were sampled and the mean used in this research. These parameters enabled the calculation of the compressor efficiency and other relevant operational parameters. In this work, it was assumed that the compressor inlet conditions correspond to the ambient conditions.
The analyses were performed with the equations below, while the experimental setup is shown in Figure 1 . The compressor component is modeled as:
Similarly, the turbine component is expressed as:
Furthermore, the isentropic efficiency of the compressor is expressed as; 
Also, the isentropic efficiency of the turbine is given by:
The compressor work is modeled as:
Since, dh = Cpdt,
The turbine work is modeled as:
The heat input is expressed as:
Similarly, the heat output is given by:
The Network output and heat input is expressed respectively as:
The overall efficiency of the test engine is modeled as: 
Noting that p  is called the pressure ratio and is expressed as:
Results
The results of the analyses carried out on GT 1, and GT2 are shown in Tables 1 and 2. Table 2 shows the data taken before water washing. Table 3 shows the monitored data for GT2 during the combination of the 3 water washing methods considered in this work while Table 4 shows the values of percentage derivations in outlet parameter. The values in these tables were used to plot the various graphs shown from Figures 5 to 9. These graphs are further used to explain the impact of this work to engineering pratise. Figure 3 shows a programme flowchart to determine the performance of the GTs. The flowchart was constructed from Equations 6, 8 and 17.
Discussion of Results
The trajectories of the GTs when the compressor outlet pressure is plotted against date in weeks are shown in Figure 4 . It shows that before the washing exercise, the plants were operating at 7.00 bar, as depicted in trend for GT1. The compressor outlet pressure is an indication of fouling, as this menace causes a reduction of the pressure. Following the application of water washing to GT1, it was observed that the pressure increased to 7.88 bar. These pressures were maintained by the regular weekly online washing. Furthermore, the application of compressor hand cleaning, online and offline washing during shutdown resulted to a pressure of 8.8 bar against the design value of 9.4 bar. It is reasonable to say that although online water washing yielded a meaningful result but a combination of compressor hand cleaning during shutdown, online and offline washing resulted to a better performance. The path of the GTs when the turbine inlet temperature is plotted against date in weeks is shown in Figure 5 . The trend shows that the use of online water washing improved the firing temperature of GT1 but a combination of online and offline water washing resulted in an increase in the firing temperature of 1900k for GT2.
The graphs of the GTs when the Network output is plotted against date in weeks are shown in Figure 6 . It shows that GT1 had initial high network output which later decreased due to redeposition of foulants in the later stages of the compressor. Furthermore, Figure 6 shows that with a combination of compressor hand cleaning, offline and online water washing, the network output of GT2 increased to 480.0kJ/kg. The graph of compressor efficiency is shown in Figure 7 . From the graph, GT2 has the highest compressor efficiency of 85%. This is as a result of a combination of compressor hand cleaning and offline/online water washing. Also, GT1 yielded compressor efficiency of 82% as a result of applying online water washing only. It also implies that the air pumping capacity of the GT2 compressor has increased.
The graph of overall GTs operational efficiency is shown in Figure 8 . It is observed that a small change of the compressor efficiency have a significant effect on theoverall GT performance and efficiency. GT1 has com- pressor efficiency of 82% which resulted to overall GT efficiency of 45.8%. Also, GT2 has compressor efficiency of 85% and it resulted to overall operational efficiency of 46.25%.
Also, the graph of percentage derivation in compressor outlet pressure against date in weeks is shown in Figure  9 (a).
Conclusions
A comparative analysis has been carried out on three GTs on industrial duty for electricity generation. These GTs were commissioned at the same time before the research was carried out on them. GTo served as a control while compressor online washing was applied on GT1, a combination of compressor hand cleaning and online/offline water washing was applied to GT2. The exercise lasted for fifteen weeks. The result of the analysis shows that with the use of compressor online water washing on GT1 yielded a compressor efficiency of 82% and overall operational efficiency of 45.8%. Also, the use of compressor hand cleaning, online and offline water washing on GT2 yielded a compressor efficiency of 85% and overall operational efficiency of 46.25% the results are handy to conclude that an acceptable balance between these maintenance and operational practices improves the GTs performance and optimize their availability.
